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METHOD OF ASSAYING FOR THE 
ONCOGENIC STATE OF CELLS 

This invention was made with Government support 
under grant number GM 26765 from the National Institutes 
of Health, The government has certain rights to this 
invention • 

5 Field of the Invention 

This invention relates to the use of the E2F 
transcription factor to detect oncogenic activation 
events of cells in bioassays and diagnostic assays. 

Background of the Invention 

10 The product of the retinoblastoma susceptibili- 

ty gene (RBI), a 110 kD nuclear protein, has been impli- 
cated in the etiology of a variety of human tumors. In 
addition to rare retinoblastomas, alteration of RBI 
function is likely a major contributing factor in the 

15 development of cervical carcinomas . In the majority of 
cervical carcinomas , the inactivation of the function of 
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the Rb protein is a consequence of the ability of a 
product of the human papillomavirus gene E7 product to 
form a complex with Rb* 

Until now, the normal function of the Rb 
5 protein has been unknown. It has been clear that viral 
oncoproteins such as adenovirus E1A, SV40 T antigen, and 
human papillomavirus E7 can target the Rb protein, 
forming a physical complex that has been believed inac- 
tive with respect to Rb function- See Dyson et al., 

10 Science 243, 934-937 (1989); Whyte et al*, Nature 334, 
124-129 (1988); DeCaprio et al., Cell 54, 275-283 (1988). 
It is also believed that this action of E7 is likely an 
important event in the development of a majority of human 
cervical carcinomas. Scheffner et al., Proc. Natl. Acad. 

15 Sci. USA 88, 5523-5527 (1991). Therefore, therapeutic 
strategies to intervene in this process would be directed 
at disrupting this interaction, resulting in a release of 
Rb so as to allow it to return to its normal function. 
Until now, this normal function has been unknown. The 

20 present invention is based upon our ongoing research in 
this area. 



Summary of the Invention 

We have found that a normal cellular target for 
Rb is the E2F transcription factor. Since the interac- 
tion of E2F with the Rb protein can be readily measured, 
this finding makes possible bioassays to measure the 
effectiveness of therapeutic strategies directed at 
preventing the disruption of the Rb-E2F complex. More- 
over, given that the interaction of E2F with Rb appears 
to be an important aspect of Rb function as a tumor 
suppressor protein, assay for E2F is also useful as a 
diagnostic method for cancer. 

A first aspect of the present invention is a 
diagnostic assay for detecting the oncogenic state, with 
respect to the action of the RB protein, in a human or 
animal cell. The assay comprises, first, collecting a 
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cell sample and then detecting free E2F or the E2F-Rb 
complex in the cell sample. The presence of free E2F 
indicates the loss of RB function in the cells (and hence 
oncogenic activation) and the appearance of E2F-Rb 
5 complex indicates a return to normal Rb function* 

A second aspect of the present invention is a 
bioassay for screening test compounds for the ability to 
reverse or inhibit the oncogenic activation of cells. 
The assay involves the use of E2F to measure the release 

10 of Rb from complexes with viral oncoproteins such as E7. 
Reagents that may disrupt such a complex can be screened 
in conjunction with E2F, ultimately measuring the forma- 
tion of the E2F-Rb complex. The assay is simple, fast 
and efficient. Moreover, since it reflects the normal 

15 function of the Rb protein, this is not only a simple 
bioassay, but it is also a relevant assay. The assay 
comprises, first contacting (e.g., by adding) a test 
compound to an aqueous solution (e.g., a cell extract 
solution) that contains a complex of the Retinoblastoma 

20 (Rb) protein and a viral oncoprotein such as E7, prevent- 
ing the interaction of Rb with the E2F transcription 
factor. The release of Rb from the complex with the 
viral oncoprotein is then scored by the addition of E2F 
(e.g., partially purified E2F) and assay (i.e., determin- 

25 ing) the formation of the E2F-Rb complex. Subsequently, 
the assay would involve contacting a test compound to an 
intact cell capable of producing a complex of the Retino- 
blastoma (Rb) protein and the E2F transcription factor, 
and wherein the cell contains a virus expressing a viral 

30 oncoprotein capable of disrupting the complex, followed 
by detecting the loss of free E2F in the cell and the 
appearance of the E2F-Rb complex. The appearance of the 
E2F-Rb complex indicates the loss of oncogenic activation 
of the cell by the test compound. 

35 A third aspect of the present invention is a 

method for detecting, in a human or animal subject, the 
oncogenic activation of a cell caused by a mutation in 
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the E2F gene sequence. The method comprises, first, 
collecting a sample cell from the subject, then amplify- 
ing the E2F gene sequence in the sample cell, and then 
detecting the presence or absence of a mutation in the 
5 E2F gene sequence which prevents the E2F transcription 
factor coded for by the amplified gene sequence from 
binding to the retinoblastoma protein . The presence of 
such a mutation indicates the oncogenic activation of the 
sample cell. 

10 A fourth aspect of the present invention is a 

DNA binding assay for detecting compounds useful for 
inhibiting cell proliferation* The assay comprises 
combining a test compound with a solution containing E2F 
and a DNA sequence which binds E2F, and then detecting 

15 whether or not the test compound inhibits the binding of 
E2F to said DNA sequence. The inhibition of binding 
indicates that the test compound may be useful for 
inhibiting cell proliferation. This assay may be carried 
out in vitro or in vivo. 

20 The foregoing and other objects and aspects of 

the present invention are explained in detail in the 
Figures, Detailed Description and Examples set forth 
below. 



Brief Description of the Drawings 
25 Figure l shows that extracts of U937 cells 

contain multiple E2F complexes. (Left) Dissociation by 
deoxycholate, (Right) Seguence specificity of DNA 
binding. 

Figure 2 shows that an E2F complex contains 
30 the RB Protein. (A) The U937 extract was assayed for E2F 
binding as in Figure i. (B) Separate E2F complexes 
contain RB and cyclin A. 

Figure 3 shows that the E2F-RB complex is not 
detected in RB negative cells. (A) A U937 whole-cell 
35 extract was immunoprecipitated with the RB-Abl monoclonal 
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antibody. (B) Immunoprecipitation of extracts of RB* and 
RB" cells. 

Figure 4 shows that the RB protein copurifies 
with E2F. (A) A U937 whole-cell extract was chromato- 
5 graphed on a heparin-agarose column. (B) Western blot 
assay of samples from affinity purification. (C) RB is 
specifically retained on the E2F column. 

Figure 5 shows that the underphosphorylated 
form of RB is in the E2F complex. 
10 Figure 6 shows that the Adenovirus E1A protein 

can dissociate" the E2F-RB complex. (A) Schematic depic- 
tion of the structure of the wild-type. E1A 12S cDNA and 
the 928 mutant cDNA. (B) Assays for E1A dissociation of 
the E2F-RB complex. (C) Immunoprecipitation assays. 
15 Figure 7 shows that the HPV E7 protein can 

dissociate the E2F-Rb Complex. 

Figure 8 shows that the E2F-Rb complex is 
reduced or absent from a variety of human cervical 
carcinoma cell lines. (A) Gel retardation assays. (B) 
20 Co- immunoprecipitation assays. 

Detailed Description of the Invention 
As noted above, the present invention provides 
a diagnostic assay for detecting the state of Rb function 
in cells, as measured by the interaction with the E2F 

25 transcription factor. This comprises first, collecting 
a cell sample and then assaying the state of E2F in the 
cell sample, the presence of free E2F indicating the loss 
of Rb function. The cells can be those of any tissue, 
including (but not limited to) cervical, retina, bone, 

30 lung, bladder, prostate, mammary, and white blood cells. 
Cervical cells are particularly preferred. 

The basis for the assay relies on the ability 
of E2F to interact with the Rb protein, producing a 
readily detectable DNA binding complex. Therefore, the 

35 efficiency of a procedure that attempts to disrupt the 
interaction of a viral oncoprotein with Rb, releasing Rb, 
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can be assessed by assaying for the formation of the E2F- 
Rb complex- The step of measuring or detecting free E2F 
may be carried out by any suitable technique, including 
(but not limited to) immunoassay (i.e., with an antibody 
5 which specifically binds to free E2F) , affinity binding 
assay, (i.e., with a binding partner other than an 
antibody), and gel retardation assay. Gel retardation 
may be carried out in accordance with known techniques, 
see, e.g., A. Yee et al., Mol. Cell. Biol. 9, 578-585 

10 (1989); S. Bagchi et al., supra, but typically involves 
the steps of incubation of a cell extract with a radioac- 
tive DNA fragment that contains the binding sequence of 
E2F. Non-specific DNA binding is eliminated by the 
inclusion of an excess of DNA from calf thymus or salmon 

15 sperm. The formation of a specific DNA-protein complex 
is assayed by electrophoresis of the sample in a non- 
denaturing (native) polyacryl amide gel followed by 
autoradiography . 

The present invention also provides a bioassay 

20 for screening test compounds for the ability to inhibit 
the oncogenic activation of cells, with the assay com- 
prising contacting a test compound (e.g., a protein, 
peptide, or small organic compound) to a cell extract 
derived from a cell that contains a virus expressing a 

25 viral oncoprotein that complexes with the Rb protein, 
preventing the interaction of Rb with E2F in the cell. 
Upon addition of the test compound, the release of Rb 
from the complex with the viral oncoprotein is measured 
by the addition of E2F followed by an assay for the 

30 formation of the E2F-Rb complex. The formation of the 
E2F-Rb complex is thus an indication of the release of 
the functional Rb protein from the previous interaction 
with the viral oncoprotein. The ability of the test 
compound to disrupt the Rb-viral oncoprotein interaction, 

35 allowing Rb to complex with E2F, can also be measured in 
an intact ceil. Any suitable cells can be employed, with 
human cells preferred; any suitable virus, such as 
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adenovirus or human papillomavirus, may be employed. The 
cells should be ones which can be infected with a virus 
as given above, e.g., human cervical cells infected with 
« the human papillomavirus. The detecting step may be 

5 carried out in the same manner as given above. 
♦ The diagnostic method set forth above is 

adapted to detect oncogenic activation caused by a 
variety of factors, particularly infection with a virus. 
However, those skilled in the art will appreciate that, 

10 if oncogenic activation can be caused by an external 
factor (i.e., viral infection) which disrupts the E2F-Rb 
complex, or by mutation of Rb leading to disruption of 
the E2F-Rb complex, then oncogenic activation can also be 
caused by a mutation in the E2F gene sequence which 

15 disrupts E2F-Rb complex formation. Hence, a diagnostic 
assay can comprise collecting a sample cell from a human 
or animal subject, then amplifying the E2F gene sequence 
in said sample cell by means such as the polymerase chain 
reaction process, and then detecting the presence or 

20 absence of a mutation in the E2F gene sequence which 
prevents the E2F transcription factor coded for by the 
gene sequence from binding to the Rb protein. Subjects 
and cells employed in this method may be the same as 
given in connection with the diagnostic method described 

25 above. The PCR process can be carried out in accordance 
with known techniques. See, e.g., K. Mull is, U.S. 
Patents Nos. 4,683,195 and 4,683,202 (the disclosures of 
which are incorporated herein by reference) . Purified 
E2F transcription factor is known. See A. Yee et al. ; 

30 Mol. Cell Biol. 9, 578-585 (1989). The E2F gene sequence 
is identified and isolated in accordance with known 
techniques, such as by producing sufficient quantities of 

> 

purified E2F transcription factor to obtain the amino 
acid sequence of at least a portion thereof and then 
35 probing a genomic DNA or cDNA library with a labelled 
degenerate oligonucleotide probe which codes for the 
amino acid sequence to obtain the DNA sequence. See, 
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e.g., F.-K. Lin, DNA Sequences Encoding Erythropoietin, 
U.S. Patent No. 4,703,008 (the disclosure of which is 
incorporated herein by reference) ; see also K. Jacobs et 
al. , Isolation and Characterization of Genomic and cDNA 
5 clones of Human Erythropoietin, Nature 313, 806-810. PCR 
primers for the E2F gene are made from the E2F gene 
sequence in accordance with known techniques. See, e.g., 
K. Mullis, supra. 

The basic premise of the DNA binding assay 

10 noted above is to utilize the E2F transcription factor as 
an assay system to screen for compounds that may have 
utility in the inhibition of cell proliferation. Two 
assays may be employed for the screening of compounds 
that may inhibit E2F transcriptional function. The first 

15 assay involves an in vitro measurement of the functional 
capacity of the E2F factor. Since E2F is a DNA binding 
protein, and this activity can be readily measured in a 
simple in vitro assay, such an assay scores for the 
capacity of a test compound to inhibit the ability of E2F 

20 to form a specific DNA-protein complex. The assay 
consists of mixing a preparation of purified E2F with a 
radiolabeled DNA fragment containing the E2F binding 
sequence, and then scoring for specific binding by a gel 
retardation assay. Compounds that inhibit the ability of 

25 E2F to bind to DNA are then further screened for speci- 
ficity by assaying against other DNA binding proteins. 
The purification of E2F is accomplished by an estab- 
lished procedure using extracts of HeLa cells as the 
source, and the assay of E2F by gel retardation proce- 

30 dures follows established methods. See A yee et al., 
supra. Moreover, the assay method is not limited to gel 
retardation methods. Additional assays can involve more 
simple filter retention or retention on immobilized 
beads. With these assays, the test compounds aire again 

35 assayed for their ability to inhibit the binding of E2F 
to the specific DNA sequence. A control assay would 
involve the use of a different DNA binding protein. 
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A second DNA binding assay for E2F activity 
scores the in vivo function of E2F as a transcriptional 
activator. A variety of previous experiments have shown 
that the E2F binding sites can function as essential 
5 promoter elements in transfection assays. This assay 
consists of measuring the activity of a test gene (for 
instance, the chloramphenical acetyltransferase (CAT) 
gene) that is under the control of an E2F-dependent 
promoter. A stable cell line is constructed that con- 

10 tains the assay gene. The assay gene can be any of 
several that aire readily measured and that are sensitive 
(for instance, the CAT gene or the lucif erase gene) . 
Such a cell line is then used to screen compounds that 
will inhibit the activity of the promoter, thus reflect- 

15 ing inhibition of E2F activity. A control cell line can 
be constructed that is identical to the test cell but 
contained a mutation in the E2F sites such that the 
promoter would not depend on E2F. An additional control 
cell line can be constructed that contained the identical 

2 0 test gene but under the control of a distinct transcrip- 

tion factor. In this way, specificity for E2F can be 
easily established. Further, although the use of a 
stable cell line would be the simplest form of the assay, 
it is also possible that the level of expression of the 
25 test gene would not be sufficiently high to provide 
appropriate sensitivity. In this case, transient trans- 
fection assays could be employed, using the same test 
genes, to assay for the inhibitory capacity of the 
compounds. This test is more laborious but does have the 

3 0 potential for automation, thus allowing for efficiency. 

The present invention is explained in greater 
detail in the following non-limiting Examples. In these 
Examples, "RPMI" means "Roswell Park Memorial Insti- 
tute", "DMEM" means "Dulbecco's Minimum Essential Medi- 
35 urn", "HEPES" means (N-[2-Hydroxyethyl] piper azine-N'-[2- 
ethane sulfonic acid]), "PMSF 11 means phenylmethylsulf onyl 
fluoride, "EGTA" means ethylene glycol-bis (0-amino ethyl 
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ether) ,N,N,N ! ,N'-tetra acetic acid, "EDTA" means "ethyl- 
enediaminetetraacetic acid", "DTT" means dithiothreitol, 
"BSA" means "bovine serum albumin", H ^g" means "micro- 
grams" , "ioM" means "millimolar" , "hr" means "hours", 
5 "min" means "minutes", and temperatures are given in 
degrees Centigrade unless otherwise indicated. 

EXAMPLE 1 

The E2F Transcription Factor is a 
cellular Target for the Rh Protein 

10 EXPERIMENTAL PROCEDURES 

Cells . U937 and Jurkat cells were maintained 
as suspension cultures in RPMI 1640 medium containing 10% 
fetal calf serum. EJ carcinoma cells and the J82 and 
MGHU-5 retinoblastoma cell lines were maintained as 

15 monolayers in DMEM containing 10% fetal calf serum. 

Preparation of Extracts . Whole-cell extracts 
were prepared in accordance with standard techniques. 
See, e.g., S. Bagchi et al., Cell 63, 659-669 (1990). 

E2F Assays. The assay of E2F-binding activity 

20 by gel retardation is carried out in accordance with 
standard techniques. See, e.g., A. Yee et al., Mol. Cell 
Biol. 9, 578-585 (1989); S. Bagchi et al., supra. Assays 
contained 15 of whole-cell extract and 0.5 ng of 32 P- 
labeled DNA probe, which was a EcoRl-Hindlll fragment 

25 from the ATF(-) adenovirus E2 promoter plasmid (M. Loeken 
and J. Brady, J. Biol. Che*. 264, 6572-6579 (1989)). 

Antibodies. The RB monoclonal antibody Abl, 
the RB peptide antiserum Ab2, and the c-fos monoclonal 
antibody Abl were obtained from Oncogene Science. The 

30 cyclin A antiserum is a known rabbit antiserum (J. Pines 
and T. Hunter, Cell 58 , 833^846 (1989)), generously 
provided by J. Pines and T. Hunter. The RB peptide 
antisera RB138, RB140, and RB147 are known and have been 
described previously (P. Whyte et al., Nature 334, 124- 
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129 (1988); R. Bernards et al., Proc. Natl. Acad. Sci. 
USA 86, 6474-6478 (1989)). 

Immunoprecipitations . Whole-cell extracts 
(100-150 fig) were incubated with the RB-Abl monoclonal 

5 antibody or one of the peptide antisera for 1 hr at 4* C 
in a buffer containing 20 mM HEPES (pH 7.9), 40 mM KCl, 
1 mM MgCl 2 , 0.1 mM EGTA, 0.1 mM EDTA, 0.5 mM DTT, and 3 
mg/ml BSA. The mixtures were then further incubated with 
protein A-Sepharose for 1 hr at 4° C. The beads were 

0 centrifuged and washed four times with 800 /il of the same 
buffer and then treated with 6 /il of the buffer contain- 
ing 0.8% deoxycholate. The beads were centrifuged, and 
the supernatant was treated with NP-40 and used for an 
E2F DNA-binding assay. 

5 DNA Aff inity Chromatography . A whole-cell 

extract was prepared from 3 liters of U937 cells (250 mg 
of protein) and chromatographed on a heparin-agarose 
column in accordance with known techniques. See, e.g., 
A. S. Yee et al., Mol. Cell. Biol. 9, 578-585 (1989). 

0 The material eluting at 600 mM KCl was diluted with 4 vol 
of buffer (20 mM HEPES [pH 7.6], 10% glycerol, 0.1 mM 
EGTA, 0.1 mM DTT, 0.2 mM PMSF) and incubated with 2 mg of 
salmon sperm DNA to block nonspecific DNA binding. This 
preparation was chromatographed on a 1 ml E2F DNA affini- 

5 ty column containing 800 /ig of the EcoRl-Hindlll fragment 
from the ATF(-) adenovirus E2 promoter plasmid (Loeken 
and Brady, supra) or a parallel column containing a 
polymerized octamer element (ATTTG-CAT) derived as a 
Ddel-Hinfl fragment from the immunoglobulin heavy chain 

3 enhancer. The column was washed with the same buffer 
containing 100 mM KCl and then eluted with buffer con- 
taining 600 mM KCl. Fractions of 1 ml were collected. 

Western Blot Analysis . Aliquots of whole-cell 
extract or fractions from the affinity purification were 

5 concentrated by TCA precipitation, redissolved in SDS 
sample buffer, and applied to an 8% SDS-polyacrylamide 
gel. After electrophoresis, the separated polypeptides 
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were electrophoretically transferred to nitrocellulose. 
The blot was incubated with an RB peptide antiserum (RB- 
Ab2; Oncogene Science) (10 nq/ml) followed by incubation 
with horseradish peroxidase-conjugated protein A (ABC 

5 kit; Vector Laboratories) . 

ElA-Mediated Dissociation of E2F Complexes . 
The procedures for the synthesis of wild-type 12S E1A 
protein and the 928 mutant protein in reticulocyte 
lysates were carried out in accordance with known tech- 

0 niques. see, e.g., s. Bagchi et al., Cell 62, 659-669 
(1990). 



RESULTS . 

An E2F-Containincr Complex is Recognized bv an 
RB Antibody. The cellular transcription factor E2F, 
initially identified as a component of the adenovirus E2 
promoter transcription complex and a target for trans- 
activation by E1A (I. Kovesdi et al., Cell 45, 219-228 
(1986)), is found in all cell types thus far assayed. 
Although initial experiments utilizing HeLa cell extracts 
suggested that E2F bound to DNA on its own, recent 
experiments have shown that E2F is complexed with other 
cellular factors in most cell types (S. Bagchi et al., 
supra) . 

Figure l shows that extracts of U937 cells 
contain multiple E2F complexes. Figure 1 (left) shows 
dissociation by deoxycholate. E2F-binding assays uti- 
lized a whole-cell extract (15 /xg) prepared from U937 
cells and a DNA probe (0.5 ng) that derives from the 
adenovirus E2 promoter. One-half of the sample was 
treated with deoxycholate followed by NP-40 prior to the 
assay for DNA binding. Two major DNA-protein complexes, 
labeled E2F C and E2F C «, are detected by this assay. An 
additional, minor complex that migrates between the two 
major species is not reproducibly observed. If the 
extract is first treated with deoxycholate and then 
assayed for E2F binding, the initial complexes are 
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converted into a single DNA-protein complex that is 
typical of the interaction of a free E2F factor with the 
DNA, based on our previous observations (S. Bagchi et 
al. , supra) . 

5 Figure 1 (right) shows the sequence specificity 

of DNA binding- E2F binding was assayed on the E2 
promoter probe in the presence of 200 ng of cold wild- 
type competitor DNA or 200 ng of a competitor DNA with a 
mutation in the E2F recognition site that has previously 

10 been shown to eliminate E2F binding (Hiebert et al., 
Proc. Natl. Acad. Sci. USA 86, 3594-3598 (1989)). 
Competition with a DNA probe containing the wild-type E2F 
recognition sequence but not a mutant E2F recognition 
sequence demonstrates the specificity of the interac- 

15 tions. 

Previous experiments have shown that the 
adenovirus E1A protein can dissociate E2F-containing 
complexes, releasing free E2F (S. Bagchi et al., supra)* 
Although the precise mechanism for this dissociation has 

20 not been established, one possibility could involve a 
direct interaction of E1A with the complex, displacing 
E2F and leaving ElA associated with the protein original- 
ly bound to E2F. There are, of course, a number of 
candidates for the protein that would be left in a 

25 complex with ElA; these are the proteins that are co- 
immunoprecipitated with ElA in extracts of ElA-expressing 
cells (S. Yee and p. Branton, Virology 147, 142-153 

(1985) ; E. Harlow et al., Hoi. Cell. Biol. 6, 1579-1589 

(1986) . Indeed, one such protein, cyclin A, is involved 
30 in an interaction with E2F that is dissociated by the ElA 

protein (M. Mudryj et al., Cell (1991). Of course, the 
product of RBI is another ElA-associated protein that is 
a potential .candidate for an E2F-binding protein (Whyte 
et al. , supra) . 

35 Using antibodies that recognize the RB protein, 

we have tested the U937 extracts for the -possible in- 
volvement of RB in the formation of the E2F-specific 
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complexes. Figure 2 shows that an E2F complex contains 
the RB protein. In Figure 2(A) the U937 extract was 
assayed for E2F binding as in Figure 1. Assays were 
conducted in the presence of a control monoclonal anti- 
5 body that was raised against the c-fos protein (c-fos 
Abl? Oncogene Science) (Control) and an RB-specific 
monoclonal antibody (RB-Abl; Oncogene Science) (ocRb) . In 
each case, either a 1:4 (lanes a) or a 1:2 (lanes b) 
dilution was added. The addition of an RB monoclonal 

10 antibody to the extract did not alter the slowly migrat- 
ing E2F C complex. In sharp contrast, the faster-migrating 
E2F C# complex was completely eliminated by the addition of 
the RB-specific monoclonal antibody, thus indicating that 
this complex did indeed contain the RB protein. The 

15 addition of a control antibody (a monoclonal specific to 
the c-fos protein) to the U937 extract prior to the DNA- 
binding assay did not alter the pattern of E2F complexes. 

Separate E2F Complexes Contain RB and Cvclin A . 
Our recent experiments have demonstrated that an S phase- 

20 specific E2F-complex in HIH 3T3 cells contains the cyclin 
A protein (M. Mudryj et al., supra). The mobility of 
this 3T3 complex is similar to that of the E2F C complex 
detected in the U937 extracts. Indeed, as shown in 
Figure 2B f the E2F c complex does involve an interaction 

25 with the cyclin A protein. In Figure 2(b), the U937 
extract was again assayed for E2F binding as in Figure 1. 
Assays were conducted in the presence of normal rabbit 
serum (NRS) diluted 1:8, the c-fos control monoclonal 
antibody (Control) diluted 1:2, a rabbit antiserum 

30 specific to the cyclin A protein (aCyclin A) diluted 1:16 
(left) or 1:8 (right), and the RB-specific monoclonal 
antibody (aRb) diluted 1:4 (left) or 1:2 (right). As 
before, addition of the RB antibody eliminated the 
faster-migrating E2F C . complex but had no effect on the 

35 E2F C complex. By contrast, addition of the cyclin A 
antiserum eliminated the E2F C complex but did not affect 
the E2F c , complex. It thus appears clear that two dis- 
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tinct E2F complexes can be detected in extracts of 
growing U937 cells? one involves an interaction with the 
cyclin A protein and another involves the RB protein. 
Thus, two of the identified ElA-interacting cellular 
5 proteins are found in E2F complexes. 

The E2F-RB Complex is Not Detected in Several 
RB-Necrative Cell Lines . Further evidence that the E2F C , 
complex was recognized by the RB antibody was provided by 
an immunoprecipitation analysis. The U937 extract was 

10 incubated with an RB monoclonal antibody (RBI) , and the 
immunoprecipitated material was washed and then eluted by 
the addition of deoxycholate. The released material was 
then assayed for E2F-binding activity in the presence or 
absence of an E2F competitor DNA. As seen in Figure 3A, 

15 specific E2F-binding activity was clearly detected in the 
material immunoprecipitated with RBI. We have also 
utilized several RB-specific antisera that were raised 
against synthetic peptides derived from the RB protein 
sequence. In Figure 3A, a U937 whole-cell extract was 

20 immunoprecipitated with the RB-Abl monoclonal antibody. 
The supernatant after DOC release was treated with NP-40 
and assayed for E2F DNA-binding activity. The specifici- 
ty of the E2F binding assay was demonstrated by perform- 
ing the assay in the presence or absence of 200 ng of 

25 cold probe DNA. (Right) A U937 whole-cell extract was 
incubated with 10 /xl of preimmune serum (lanes a) or the 
corresponding antiserum raised against an RB peptide 
(lanes b) . To demonstrate the specificity of the coprec- 
ipitation, the RB antisera were preincubated with 10 fig 

30 of the corresponding peptide prior to the immunoprecipi- 
tation (lanes c) . Conditions for the immunoprecipitation 
were the same as used for the monoclonal antibody. 

As shown in Figure 3A, two of the three peptide 
sera did precipitate E2F activity (lanes b) . Moreover, 

35 in each case, preimmune antiserum did not coprecipitate 
E2F (lanes a) , and most importantly, the peptide to which 
the antiserum was raised was able to block the immunopre- 
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cipitation (lanes c) . That one of the peptide antibodies 
(RB140) did not immunoprecipitate the complex suggests 
that this epitope is either hidden in the complex or has 
an altered conformation when RB is completed with E2F. 
5 Finally, we have assayed for the E2F-RB inter- 

action in other cell extracts, including two cell lines 
deficient in functional RB activity. Figure 3B shows 
immunoprecipitation of extracts of RB 4 " and RB* cells. 
Immunoprecipitations were carried out as described in (A) 

10 using the c-fos monoclonal antibody as a control (lanes 
C) or the RB-Abl monoclonal antibody (Lanes Rb) . Whole- 
cell extracts were prepared from the indicated cell 
lines, and 100 nq of each was employed for the assay. As 
shown in Figure 3B, E2F was coprecipitated with the RB 

15 monoclonal antibody from extracts of EJ cells and Jurkat 
cells as well as the U937 cells. However, we could 
detect no evidence of E2F coprecipitation from extracts 
of either J82 cells or MGHU-5 cells, both of which lack 
functional RB protein (see, e.g., J. Horowitz et al., 

20 Proc. Natl. Acad. Sci. USA 87, 2775-2779 (1990). Inter- 
estingly, the RBI gene is expressed in J82 cells but it 
encodes a mutant form of the RB protein that also fails 
to interact with E1A (J. Horowitz et al., Science 243, 
937-940 (1989)). 

25 The RB Protein copurifies with E2F . The 

experiments presented in Figures 2 and 3 strongly suggest 
that the RB protein is a component of the E2F C+ complex. 
As an additional proof of this interaction, we have 
reversed the procedure; that is, we have isolated the E2F 

30 factor and assayed for the presence of the RB protein. 

Although an E2F-specific antiserum is not available, it 
is possible to isolate E2F by DNA affinity chromatography 
and then assay for the presence of a 110 kd polypeptide 
that is immunoreactive with the RB monoclonal antibody. 

35 A whole-cell extract of U937 cells was fractionated 
through a heparin-agarose column followed by an E2F- 
specific DNA affinity column. Fractions from the affini- 
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ty column eluate were assayed for E2F-binding activity 
and then fractionated on an SDS-polyacrylamide gel for 
Western blot analysis with the RB antibody. 

Figure 4 shows that the rb protein copurifies 
with E2F. Figure 4(A) shows a U937 whole-cell extract 
was chromatographed on a heparin-agarose column. The 
heparin-agarose eluate was incubated with 2 ag of salmon 
sperm DNA to block nonspecific DNA binding. This prepa- 
ration was chromatographed on an E2F DNA affinity column. 
The column was eluted with buffer containing 600 mM KC1, 
and 1 ml fractions were collected. E2F-binding activity 
was assayed (as in Figure 1) in 1 »1 of the whole-cell 
extract, and 3 /xl of the affinity eluate fractions. 
Figure 4(B) shows a Western blot assay of samples from 
15 affinity purification. The affinity column eluate 
fractions were concentrated by TCA precipitation, redis- 
solved in SDS sample buffer, and applied to an 8% SDS- 
polyacrylamide gel. In addition, a 30 fil aliquot of the 
whole-cell extract was also applied to the gel. After 
20 electrophoresis, the separated polypeptides were electro- 
phoretically transferred to nitrocellulose. The blot was 
incubated with an RB peptide antiserum (RB-Ab2; Oncogene 
Science) at 10 ng/ml followed by incubation with horse- 
radish peroxidase-conjugated protein A (ABC kit; Vector 
25 Laboratories) . Stained marker proteins are in the left 
lane. Figure 4(C) shows that RB is specifically retained 
on the E2F column. A U937 whole-cell extract was pro- 
cessed as described in (B) and applied in parallel to an 
E2F affinity column and an octamer-specific affinity 
column. The two columns were eluted with 600 mM KC1, and 
1 ml fractions were collected. The eluate fractions were 
TCA precipitated and dissolved in SDS sample buffer, and 
the entire samples were analyzed. Due to high concentra- 
tion of protein in the affinity column loading material 
(HA) as well as the affinity flow through fractions (F) , 
only 10% of the volume of these fractions was applied to 
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th e gel. Finally, a 30 /xl aliquot of the whole-cell 
extract (WCE) was also analyzed. 

As can be seen in Figure 4B, the 110 kd RB 
polypeptide, as detected by the RBI antibody, is indeed 
5 detected in the affinity column eluate, coinciding with 
the presence of the E2F C * complex (Figure 4 A) . It should 
also be noted that the recovery of the RB polypeptide in 
the E2F affinity column eluate is not likely the result 
of simple nonspecific DNA binding since the sample is 

10 loaded in the presence of a large amount of salmon sperm 
DNA. This was" in fact confirmed by fractionating a U937 
extract on two parallel DNA affinity columns , one con- 
taining, the E2F-binding site and the other containing the 
octamer element-binding site. As shown in Figure 4C, the 

15 RB protein is again recovered in the E2F affinity eluate 
but is not recovered in the eluate of the octamer column. 

A variety of previous experiments have shown 
that in extracts of asynchronously growing cells there is 
a mixture of phosphorylated and unphosphorylated forms of 

20 the RB protein that can be resolved by SDS-PAGE since the 
phosphorylated forms of the protein migrate more slowly 
than the unphosphorylated protein. See, e.g., J. 
DeCaprio et al., Cell 58, 1085-1095 (1989). It is 
apparent from the analysis of Figure 4B that the crude 

25 extract (WCE) contains several species that react with 
the RB antibody, whereas the affinity column eluate 
appears to contain a single polypeptide. This is more 
clearly shown in an independent analysis, with improved 
gel resolution, in which it is evident that the polypep- 

3 0 tide in the E2F affinity eluate corresponds to the 
fastest-migrating species of RB in the whole-cell ex- 
tract. Figure 5 shows that the underphosphorylated form 
of RB is in the E2F complex. Samples of the U937 whole- 
cell extract and the E2F DNA affinity column eluate of 

35 this extract were assayed as in Figure 4B. Thus, E2F 
does not appear to interact randomly with the population 
of RB proteins within the cell, but rather, only the un- 



WO 93/15227 



PCT/US93/00991 



-19- 

or underphosphorylated form of RB is in a complex with 
E2F. Since the RB protein becomes phosphorylated as the 
cell leaves Gl (see, e.g., DeCaprio et al., supra), we 
conclude that the E2F-RB complex must be most prevalent 
5 in Gl. 

E1A Dissociates the E2F-RB Complex. Previous 
experiments have shown that the adenovirus E1A protein 
can dissociate E2F-containing complexes, releasing free 
E2F, and that this activity correlates with the ability 
10 of the 12S E1A product to transactivate transcription 
(Bagchi et al;, supra). Moreover, the E1A sequences 
required for this activity correlate with those required 
for interaction with the RB protein (Bagchi et al-. , 
supra. 

15 Figure 6 shows that the Adenovirus E1A protein 

can dissociate the E2F-RB complex. Figure 6(A) gives a 
schematic depiction of the structure of the wild-type E1A 
12S cDNA and the 928 mutant cDNA. Figure 6(B) shows 
assays for E1A dissociation of the E2F-RB complex. The 

20 U937 whole-cell extract (15 /xg) was incubated with equal 
amounts (1 jul) of a reticulocyte lysate programmed with 
transcripts of the wild-type E1A 12S cDNA or the 928 
mutant. After incubation for 15 min, the extract was 
assayed for E2F DNA-binding activity by gel retardation. 

25 A parallel sample of U937 extract was treated with 
deoxycholate and assayed for E2F. Figure 6(C) shows 
immunoprecipitation assays. A U937 whole-cell extract 
was immunoprecipitated with a control monoclonal or the 
RB monoclonal antibody as described in the Experimental 

30 Procedures given above. Prior to immunoprecipitation 
with the RB antibody, the extract was incubated for 30 
min with 0.8% DOC, or 12 fil of control reticulocyte 
lysate, reticulocyte lysate programmed. with the 12S E1A 
RNA, or reticulocyte lysate programmed with the 928 

35 mutant RNA. 

As shown in Figure 6, the 12S E1A product can 
dissociate the majority of the two major E2F complexes 
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found in the U937 cell extract, including the E2F complex 
that contains the RB protein (E2F C J . Moreover, the 
dissociation of the RB-containing E2F complex is depen- 
dent on the CR2 sequence of the E1A protein, as indicated 
5 by the failure of the 928 point mutant to dissociate the 
complex. This conclusion is further supported by immuno- 
precipitation assays in which the ability of E2F to 
coimmunoprecipitate with RB was abolished by incubation 
of the U937 extract with wild-type E1A protein but not 

10 the 928 mutant (Figure 6C) . Since this CR2 sequence is 
also required for E1A to form a stable complex with the 
RB protein (see, e.g. , Whyte et al., supra), we suggest 
that at. least a part of the proposed inactivation of RB 
function by E1A is a consequence of the ability of E1A to 

15 alter the E2F-RB interaction. 

EXAMPLE 2 

Inactivation of Rb Function in Cervical Carcinoma 
Cells Coincides With Loss of the E2F-Rb Complex 

This experiment explores the role of HPV E7 in 
20 targeting the E2F-Rb interaction. 

Extracts of the human monocytic cell line U937, 
as well as several other human cell lines, contain an 
E2F-Rb complex that can be dissociated by the adenovirus 
E1A protein, dependent on E1A sequence that is involved 
25 in binding to the Rb protein. Using these U937 extracts, 
the HPV 16 E7 protein was tested for its ability to also 
dissociate the E2F-Rb complex. The U937 extract, contains 
two specific E2F complexes (not shown) . The slow- 
migrating complex contains the cyclin A protein in 
30 association with E2F whereas the fast-migrating complex 
contains the Rb protein in association with E2F. 

Figure 7 shows that the HPV E7 protein can 
dissociate the E2F-Rb Complex. Extracts of U937 cells 
were assayed for E2F binding activity in accordance with 
35 known techniques. See S. Chellappan et al., Cell 65, 1-9 
(1991) . The binding assays included a control glutathi- 
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one-S-transferase (GST) protein (500 ng) , the ADLYC 
deletion mutant (GST-DLYC) (500 ng) , or increasing amounts 
(in ng) of the wild type E7 protein (GST-WT E7). In 
addition, a sample was also incubated with deoxycholate 
5 (DOC) prior to the assay. The positions of the E2F- 
Cyclin A complex and the E2F-Rb complex, as well as the 
position of free E2F, are indicated. 

Addition of the control glutathione-S-transfer- 
ase (GST) protein to the extract did not alter either of 

10 the E2F complexes. In contrast, addition of the WT 
E7-GST fusion* protein eliminated the E2F-Rb complex. 
Addition of the £)DLYC mutant of E7, which deletes criti- 
cal amino acid sequence involved in Rb binding (not 
shown) , did not dissociate the E2F-Rb complex. These 

15 data therefore demonstrate that the E7 protein can 
dissociate the E2F-Rb complex, dependent on the E7 domain 
known to be involved in Rb binding (K. Munger et al., 
EMBO J. 8, 4099-4105 (1989)). It is also evident from 
the assay in Fig. 7 that the E7 protein had only a modest 

20 effect on the E2F-Cyclin A complex, in contrast to the 
efficient dissociation of the E2F complex containing the 
Rb protein. Whether this is an intrinsic property of the 
E7 protein or reflects the in vitro assay is not clear at 
this time, 

25 A recent study has analyzed a series of HPV- 

positive and HPV-negative human cervical carcinoma cell 
lines for the state of the RBI gene. See M. Scheffner et 
al., Proc. Natl. Acad. Sci. USA 88, 5523-5527 (1991). 
These studies demonstrated that the HPV-positive cervical 

30 cancer cells expressing E7 possessed a normal, wild type 
Rb protein. In contrast, the HPV-negative cell lines 
that did not express E7, contained mutant pRb, thus 
providing strong evidence for the role of Rb inactiva- 
tion, either by mutation or through its association with 

35 E7, in the genesis of these tumors. If regulation of the 
E2F transcription factor by complex formation is a normal 
function of RBI then one might expect to find disruptions 
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of E2F-Rb complexes in these carcinoma cell lines. An 
analysis of E2F in these cell extracts by direct gel 
retardation was therefore carried out. 

Figure 8 shows that the E2F-Rb complex is 
5 reduced or absent from a variety of human cervical 
carcinoma cell lines. Figure 8(A) gives gel retardation 
assays. Whole cell extracts were prepared from each of 
the indicated cell lines by known procedures. See S. 
Chellappan et al. f supra. The various cell lines are 
10 known. See, e.g., M. Scheffner et al., Proc. Natl. 

Acad. Sci. USA 88, 5523-5527 (1991). Extracts were 
prepared from growing cultures. Cell extracts were 
assayed for E2F binding activity as described in S. 
Chellappan et al., supra. The three panels represent 
15 three different assays and in each case, the U937 sample 
was used as the basis for comparison. Figure 8(B) gives 
co-immunoprecipitation assays. Cell extracts were 
incubated with either the cyclin A antiserum or the Rb 
monoclonal antibody as described in S. Chellappan et al., 
20 supra, see also M. Mudryj et al., Cell 65, 1243-1253 
(1991). Immunoprecipitates were washed, incubated with 
DOC to release E2F, and then E2F binding activity was 
measured in the supernatant. 

As shown in Figure 8A r the E2F-cyclin A complex 
25 was detectable in each extract with the exception of HeLa 
cells in which it was greatly reduced. The E2F-Rb 
complex was absent from each of the samples with the 
exception of the SiHa extract where there appeared to be 
a significant amount of the complex, equal to that found 
30 in the U937 extract. Again, this may reflect the low 
level of E7 expression in SiHa cells. It is also evident 
from these assays that there are significant amounts of 
free E2F in each of the cervical carcinoma cell extracts. 
Indeed, if one compares the amount of free E2F to E2F in 
35 a complex, it is clear that in most cases the majority of 
E2F is uncomplexed. In addition to the ability of E7 to 
dissociate E2F from the E2F-Rb complex as demonstrated in 
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Figure 7, this appearance of free E2F nay also reflect 
the ability of E7 to block the action of an inhibitor of 
E2F DNA binding, which also appears to involve the Rb 
protein (S. Bagchi et al. f Cell 65, 1063-1072 (1991). 
5 From these results, we conclude that the E2F-Rb interac- 
tion is specifically lost in those cells that express an 
altered form of the Rb protein or in those cells that 
express high levels of the HPV E7 protein. Coincident 
with the loss of the E2F-Rb complex is the increase in 

10 levels of free E2F. The fact that E2F-cyclin A complexes 
were found in many of the E7-expressing cells suggests 
that the E7 protein may not efficiently disrupt the 
E2F-cyclin A interaction, a conclusion consistent with 
the in vitro dissociation assays of Figure 7. 

15 These results were further verified by E2F 

co-precipitation experiments using antibodies specific 
for cyclin A or pRb. Previous experiments have shown 
that E2F is co-immunoprecipitated with the Rb protein 
from extracts of cells that express a normal , wild type 

20 Rb protein. E2F is also co-precipitated with the cyclin 
A protein, reflecting the interaction of E2F with cyclin 
A during S phase of the cell cycle • Examples of such 
assays are shown in Figure 8B using a U937 cell extract 
as the source of the E2F-Rb and the E2F-cyclin A complex- 

25 es. E2F is clearly detected in immunoprecipitates 
employing either the Rb antibody or the cyclin A anti- 
body. In sharp contrast to the result with the U937 
extract, there was no evidence of the co-immunoprecipita- 
tion of E2F with Rb from extracts of C-33A and HT3 cells, 

30 both of which lack a functional Rb protein (Figure 8B) . 
E2F was, however, readily detected in cyclin A immunopre- 
cipitates using these same extracts. Assays for the 
E2F-Rb complex in the cervical carcinoma cells that 
possess a normal Rb but express HPV E7 demonstrated a 

35 general lack of the E2F-Rb complex. The one exception 
was the SiHa cell extract in which E2F was recovered in 
the Rb-specific immunoprecipitate, although the amount 
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was reduced in comparison to that obtained from the U937 
extract. Once again, immunoprecipitation of these same 
extracts with a cyclin A antiserum demonstrated that the 
E2F-cyclin A interaction persisted in most of the cells , 
5 although in some cases the level was reduced (for in- 
stance, the HeLa cell sample). Therefore, assays for E2F 
in the cervical carcinoma extracts, either by direct gel 
retardation or by co-immunoprecipitation, demonstrate a 
general loss of the interaction with the Rb protein, a 

10 variable reduction in the interaction with cyclin A, and 
a uniform increase in the level of free E2F. 

The results presented here demonstrate that the 
HPV E7 . protein can also disrupt the E2F-Rb complex, 
dependent on the domain homologous to conserved region 2 

15 of adenovirus E1A. Perhaps of most significance is the 
observation that the E2F-Rb complex is absent from most 
of the cervical carcinoma cell lines that express E7, 
thus providing in vivo evidence for the action of E7 to 
disrupt E2F-Rb. Moreover, the analysis of the human 

20 cervical carcinoma cell lines described here supports the 
hypothesis that the disruption of the E2F-Rb complex, 
either through the action of the HPV E7 protein or 
through mutation of the Rb protein, is an- important event 
in the genesis of human cervical cancer. 

25 The foregoing examples are illustrative of the 

present invention, and are not to be construed as limit- 
ing thereof. The invention is defined by the following 
claims, with equivalents of the claims to be included 
therein. 
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THAT WHICH IS CLAIMED IS: 

1. A diagnostic assay for d tecting the 
oncogenic state of cells, with respect to the action of 
the Rb protein, in a human or animal subject, comprising: 

collecting a cell sample from said subject; and 

then 

detecting free E2F or the E2F-Rb complex in 
said cell sample, the presence of free E2F or the E2F-Rb 
complex indicating the oncogenic state of said cells. 

2. A method according to claim 1, wherein said 
cells are selected from the group consisting of cervical, 
retina, .bone, lung, bladder, prostate, mammary, and white 
blood cells. 

3. A method according to claim 1, wherein said 
cells are cervical cells, 

4. A method according to claim 1, wherein said 
cells are retina cells, 

5. A method according to claim 1, wherein said 
cells are bone cells. 

6. A method according to claim 1, wherein said 
cells are lung cells. 

7. A method according to claim 1, wherein said 
cells are prostate cells. 

8. A method according to claim 1, wherein said 
cells are mammary tissue cells. 

9. A method according to claim 1, wherein said 
cells are white blood cells. 
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10. A method according to claim 1, wherein 
said cells are human cells. 

11. A method according to claim 1, wherein 
said detecting step is carried out by an assay procedure 
selected from the group consisting of immunoassay, 
affinity binding assay, and gel retardation assay. 

12. A method according to claim 1, wherein 
said subject is a human subject. 

13. A method according to claim 1, wherein 
said subject has not previously been diagnosed as carry- 
ing cancer. 

14. A method according to claim 1, wherein 
said cell sample is collected from a tissue suspected of 
harboring a cancer. 

15. An in vitro assay for screening test 
compounds for the ability to inhibit the oncogenic 
activation of cells, comprising: 

adding a test compound to an aqueous solution 
containing a complex of the Retinoblastoma (Rb) protein 
and a viral oncoprotein, which viral oncoprotein is 
capable of disrupting complex formation between said Rb 
protein and the E2F transcription factor; then 

adding the E2F transcription factor to the 
aqueous solution; and then 

detecting the formation of a complex of the Rb 
protein and the E2F transcription factor. 

16. A method according to claim 15 , wherein 
said viral oncoprotein is selected from the group con- 
sisting of adenovirus and human papillomavirus viral 
oncoproteins . 
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17. A method according to claim 15, wherein 
said viral oncoprotein is the E7 viral oncoprotein. 

to 

% 18. A method according to claim 15, wherein 

said detecting step is carried out by an assay procedure 
selected from the group consisting of immunoassay, 
affinity binding assay, and gel retardation assay, 

19. "A bioassay for screening test compounds 
for the ability to inhibit the oncogenic activation of 
cells , comprising : 

contacting a test compound to a cell capable of 
producing a complex of the Retinoblastoma (Rb) protein 
and the E2F transcription factor, and wherein said cell 
contains a virus expressing a viral oncoprotein capable 
of disrupting said complex; and then 

detecting the loss of free E2F in said cells, 
and the appearance of the E2F-Rb complex, the appearance 
of the E2F-Rb complex indicating the loss of oncogenic 
activation of said cells by the test compound. 

20. A method according to claim 19, wherein 
said cells are human cells, 

21. A method according to claim 19, wherein 
said virus is selected from the group consisting of 
adenovirus and human papillomavirus. 

22. A method according to claim 19, wherein 
said cells are human cervical cells and said virus is 
human papillomavirus. 

23. A method according to claim 19, wherein 
said contacting step is carried out in vitro in an 
aqueous solution. 
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24. A method according to claim 19 , wherein 
said detecting step is carried out by an assay procedure 
selected from the group consisting of immunoassay, 
affinity binding assay, and gel retardation assay. 

25. A method for detecting the oncogenic 
activation of a cell caused by a mutation in the E2F gene 
sequence in a human or animal subject, said method 
comprising: 

collecting a sample cell from said subject; 

then 

amplifying the E2F gene sequence in said sample 
cell; and then 

detecting the presence or absence of a mutation 
in said E2F gene sequence which prevents the E2F tran- 
scription factor coded for by said gene sequence from 
binding to the retinoblastoma protein, the presence of 
such mutation indicating the oncogenic activation of said 
cell. 

26. A method according to claim 25, wherein 
said amplifying step is carried out by the polymerase 
chain reaction process. 

27. A method according to claim 25, wherein 
said cell is selected from the group consisting of 
cervical, retina, bone, lung, bladder, prostate, mammary, 
and white blood cells. 

28. A method according to claim 25, wherein 
said subject is a human subject. 

29. A method according to claim 25, wherein 
said subject has not previously been diagnosed as carry- 
ing cancer. 
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30. A method according to claim 25, wherein 
said sample cell is collected from a tissue suspected of 
harboring a cancer. 

31. An assay for detecting compounds useful 
4 for inhibiting cell proliferation, comprising: 

combining a test compound with a solution 
containing E2F and a DNA sequence which binds E2F, and 
then 

detecting whether or not said test compound 
inhibits the binding of E2F to said DNA sequence, the 
inhibition of binding indicating that said compound may 
be useful for inhibiting cell proliferation. 

32. An assay according to claim 31, wherein 
said DNA sequence is radiolabeled and said detecting 
step is carried out by scoring for specific binding by 
gel retardation assay. 

33. An assay according to claim 31, wherein 
said DNA sequence comprises and E2F-dependent promoter 
operatively associated with a reporter gene, and said 
detecting step is carried out by detecting the level of 
expression of said reporter gene. 

34. An assay according to claim 33, wherein 
said reporter gene is a chloramphenicol acetyltransferase 
gene. 

35. An assay according to claim 33, wherein 
said detecting step is carried out in vivo in a cell 
carrying said DNA sequence. 
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